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Abstract 

The  kinetics of the HO2 + C10  reaction  was  studied  using  the  flash  photolysis/ultraviolet 
absorption  technique  over  the  temperature  range  203-364 K and  pressure  range  50-700 Torr of 
N2. In contrast to previous  work,  the  temperature  dependence  displayed  linear  Arrhenius 
behavior  over  the  entire  temperature  range  with  the  rate  constant  being  described by the 
expression k(T) = 2.84 x exp((312+6O)/T}  cm3  molecule" s". Ab initio calculations of 
intermediates  and  transition  states  have  been  carried  out on  the  singlet  and tiplet potential 
energy  surfaces.  These  calculations  show  that  the  reaction  proceeds  mainly through the  ClO-HO2 
complex  on  the tiplet surface;  however,  collisionally  stabilized  HOOOCl  formed  on  the  singlet 
surface  will  possess  an  appreciable  lifetime  due to large  barriers  toward  decomposition to HC1 
and HOC1. Termolecular  rate  calculations  using ab initio parameters  lead to a  strong  collision 
rate  constant of - 5x 1 0"2 cm6  molecule-2 s-' for  HOOOCl  formation.  This  intermediate  may  be 
important  under  both  laboratory  and  atmospheric  conditions. 
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Introduction 
According to a  recent  international  assessment of stratospheric  ozone,  the  most  current 

two-dimensional  model  calculations  underestimate  the  observed  trend  in  lower  stratospheric 

ozone  by  a  factor of two or morel. This region  of  the  atmosphere (14-24 km. altitude)  is 

characterized  by  chemical  and  dynamical  processes  that  are  strongly  coupled.  While this 

complicates  the  analysis,  there  is  a  strong  suspicion  that  these  trends are attributable to increases 

in  anthropogenic  halogen-containing  compounds  that  des,troy  stratospheric  ozone by catalytic 

mechanisms. In the  lower  stratosphere at midlatitudes  the  most  important  catalytic  cycles  for 

ozone  destruction  are  the  ones  for  which  the  reactions 

C10 + HO2 + HOCl + 0 2  (1) 

BrO + HO2 + HOBr + 0 2  (2) 

BrO + C10 + products (3) 

are  the  rate-limiting  steps.2.3.  While  there has been  considerable  experimental  work on the  BrO + 

H02  and  BrO + C10  reactions  under  stratospheric  conditions  in  recent  years4-6,  there  has  been 

relatively  little  work on  the  C10 + H02  reaction. In particular,  there  has  been  only  one  study of 

the  temperature  dependence of the  overall  rate  coefficient  in  the  last  twenty  years.7.  This  study 

obtained  nonlinear  Arrhenius  behavior  leading to the  suggestion  that  the  reaction  mechanism  is 

dominated  by  hydrogen-abstraction  above 298 K and  complex  formation  at  lower  temperatures. 

The  idea  that  complexes  can  play  a  role  in  the  pressure  and  temperature  dependence 

phenomenology of the HO2 + C10  reaction  has  been  reinforced  by  recent  thermochemical  and ab 

initio studies  of HC103  intermediates7-15. Stimpfle et al. proposed  the  cyclic  elimination of 

HOCl  fiom  HOOClO  and  possibly HC1 fiom HOOOCl  intermediates as reaction  pathways  at 

low  temperature.  Mozurkewich8  was  able to reproduce  the  negative  temperature  dependence 

observed  by  Stimpfle et al. using  two-channel RRKM calculations.  He  concluded  that  there 

would  be  large  barriers  for  cyclization  of  HOOOCl  and  HOOClO  and  that  the  reaction  proceeded 

primarily  through  a  hydrogen-bonded  intermediate  on  the  triplet  surface. Buttar and  Hirst12 

carried  out  calculations at the MP2 level of theory  for  both  singlet  and  triplet  surfaces.  They 
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proposed  a  complex  mechanism  for  the  singlet  surface  which  involved  a  1,2-hydrogen shift from 

HOOOCl to form HOC1 + 0 2 .  Francisco  and  Sander15  carried  out  extensive  MP4  calculations, 

obtaining  the  energy  ordering  of  the HClO3 singlet  isomers.  This  work  showed  that  HOOOCl 

was  the  most  stable  isomer  accessible  from  H02 + C10  reactants,  followed  by  HOOC10.  None of 

these  studies  calculated  the  energetics of the  transition  states  and  therefore  the  barriers  for 

product  formation. 

In this study,  the  flash  photolysis-ultraviolet  absorption  technique  has  been  used to study 

the HOz + C10  reaction  over  the  temperature  range  203-364 K and  pressure  range  50-700  Torr. 

To minimize  possible  systematic  errors  associated  with  secondary  reactions, two different 

photolytic  schemes  were  used  for  reactant  production.  Extensive ab initio calculations of the 

structures  and  energetics  of HC103 intermediates  and  transition  states  were  carried  out  using 

coupled-cluster  and  density  functional  methods.  The  results are used to interpret  the  observed 

pressure  and  temperature  dependence  behavior of the  reaction  kinetics. 

Experimental 

The  flash  photolysis/long  path  length  UV/vis  absorption  apparatus  has  been  described 

previously.l6  The  photolysis  cell  is  based on a  concentric  design  with  a  temperature  control 

jacket, xenon  flash  lamp,  light  filter  and  reaction  volume.  Identical  cells  made of quartz 

(photolysis  wavelength > 200 nm) and  Pyrex  (photolysis  wavelength > 300 nm) were  employed. 

A schematic of the  experimental  apparatus  is  shown  in  Figure 1. 

Transient Absorption  Spectrometry: For this  experiment,  several  modifications  were  made to 

the  optics of the  long-path  absorption  system.  Two  analytical  light  sources  were  used:  a  300 W 

xenon  lamp  optimized  for  wavelengths  longer  than  250 nm and  a 150 W deuterium  lamp 

optimized  for  the 200-250 nm spectral  region.  The  beams  from  both  lamps  were  collimated  and 

coaligned  along  the  probe  beam  axis  using  a  dichroic  beamsplitter.  The  combined  probe  beam 

was  directed  through  an iris and  into  a  reaction  cell  equipped  with  White-type  optics.  The  total 

optical  path  length  was  724  cm.  Another  dichroic  beamsplitter  divided  the  probe  exit  beam  into 
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a  200-250 nm component  and  a h > 250 nm component.  The  short  wavelength  component  was 

directed  into  a 0.5 m  monochromator  with  500 pn slits  (resolution 0.5 nm FWHM)  used  for HO2 

detection.  The.  long  wavelength  component  was  further  divided  using  a  50:50  dichroic 

beamsplitter  into two beams  directed  into  separate  monochromators.  A 0.3 m  monochromator 

(150 pn slits, 0.3 nm FWHM)  was set  at  the  maximum  of  the  C10  (A,  v’=12 t X, v’=O, Q = 
312) subband  transition at 275.2 nm, and  a  0.25  m  monochromator (1  50 pn slits, 0.3 nm 

FWHM)  was  set at the  adjacent minimum at  276.4 nm. This arrangement  permitted  C10 

detection  with high selectivity using the  differential  absorption  method.  The  proper  alignment of 

the  C10  detectors was  verified  by  ensuring  that  the two C10  detection  channels  gave  identical 

absorbance  signals  when  both  were  tuned to the  (12-0)  C10  absorption  maximum. 

Photomultiplier  outputs  fiom  the two C10  channels  and  the HO2 channel  were  separately 

recorded  and  signal  averaged  using  a  14-bit  100 kHz digital  oscilloscope.  Absorption  signals 

were  analyzed  after  averaging  100  shots.  Absorbances  for  each  data  channel  were  derived  from 

calculations  of ln(I,,/I) where I was  the  time-dependent  signal  voltage  following  initiation  of  the 

reaction  by  the  flash  lamp,  and I,, was  determined  by  averaging  about 80 pre-flash data points  for 

each data channel.  The  C10  differential  absorption  signal  was  determined  by  subtracting  the 

calculated  absorbance  for  the  276.4 nm channel  fiom  the  calculated  absorbance  for  the  275.2 nm 

channel. 

Radical Production: Two  different  chemical  sources  were  employed  for  formation  of  the  C10 

and HO2. In the  first  source, F2-H2-02-C120 mixtures  were  photolyzed  in  the quartz cell  with N2 

as the  bath  gas.  The  flash  lamp  photolyzed  both F2 and C120 to initiate  the  reaction  mechanism 

(all  rate  constants  are fiom DeMore et al. 17 unless  otherwise  indicated): 

F2 + hv ( b 2 2 0  nm) + 2  F 

F + H 2 + H F + H  k(T) = 1.4 x 10”’ exp (-5OO/T> cm3  molecule” s-’ 

H + 0 2 + M + H O z + M  k(T) = 5.7 x (T/300)”.6 cm6  molecule-2 s” 

C120 + hv ( b 2 2 0  nm) + C10 + C1 

+O+Cl2 
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c1+ c120 + c10 + Cl2 k(T) = 6.2 x lo-' exp { 130/T} cm3  molecule" s-l 

In order to minimize  the  photolysis  of 0 2 ,  the  filter  jacket  of  the quartz cell  was  filled  with  neat 

N20 at a  total  pressure of 1 atm.  The  absorption  of N20 limited  photolysis to h > 220 nm. The 

effectiveness of the N20 filter  was  verified  by  observing  that O3 production  was  negligible  in  the 

photolysis of pure 0 2  which  set  an  upper  limit  of lxlO-' for  the  fraction  dissociated  in  the quartz 

cell. C120 was  introduced  into  the  reaction  cell  by  flowing  helium  at 5 psia  through  a  bubbler 

containing  the C120 sample.  The  bubbler  was  immersed  in an iso-propanoVCO2(s) slush at 196 

K at which  temperature  the C120 vapor  pressure  is  about 5 Torr. 

The  photolysis  of C120 at wavelengths in the  range 200-250 nm produces  O(3P)  with  a 

quantum yield of 0.3 or less5918-20.  The primary  loss  process for the  O(3P)  will  be  through 

recombination  with 0 2  to form 03. The  resulting O3 concentration  will  be  somewhat  more than 

10% of  the  initial  C10  concentration. At this level  the  contribution to the  measured  absorbances 

of HO2 and  C10  are  negligible as are  the  effects  associated  with  secondary  reactions Of 0 3 .  

In the  second  reactant  source, C12-C120-CH3OH-02 mixtures  were  photolyzed  in  the  Pyrex 

cell  with N2 as the  bath  gas.  The  mechanism  for HO2 and  C10  formation  was 

Cl2 + hv (b300 nm)+ 2 C1 

C120 + hv (b300 nm) + C10 + C1 

c1+ c120 + c10 + Cl2 k(T) = 6.2 x lo-' exp { 130/T} cm3  molecule" 5-l 

C1+ CH30H -+ CH20H + HC1 k(T) = 5.4 x lo-" cm3  molecule" s'l 

CH20H + 0 2  -+ HO2 + CH20  k(T) = 9.1 x  cm3  molecule" 5-l 

Cl2  was the  only  species  photolyzed  in  the  Pyrex  cell. C120  was handled  in  a  manner  identical to 

that  used  in  the  Fz-H2-02-C120  experiments.  CH30H was introduced  into  the  reaction  cell  by 

flowing  helium at 5 psia  through  a  bubbler  containing  the  CH30H  sample at 233 K. Chlorine 

(10% Cl2 in  helium), 0 2  and N2 were  combined  with C120 and  CH30H  in  the  mixing  manifold. 

All  reagents  were  mixed  in  a  manifold  prior to entering  the  reaction  cell.  Flows  of all gases 

were  measured  with  calibrated mass flowmeters,  and  concentrations  were  calculated  from  the 

measured  flow  rates  and  the  cell  temperature  and  pressure. The concentrations  of  reactants  and 



initial  C10  and HO2 concentrations  are  summarized  in  Table  1. In both  the F2-H2-02-C120 and 

C12-CLO-CH3OH-02 experiments, HO2 and  C10  were  formed  on  time  scales  which  were  much 

shorter  than  their  loss by reaction  1  or  by  other  reactions.  The  effect  of  secondary  reactions  on 

the  reaction  kinetics  will  be  discussed  in  detail  below. 

Both  chemical  systems  resulted  in  reproducible  kinetic  decays.  The F2-H2 system  had  the 

advantage  that  [ClO],  and  [H02],  could  be  controlled  somewhat  more  easily  than  with  the  Cl2- 

CH30H  source  because  the two radicals  had  different  precursors  (C120  and F2, respectively). In 

the C12-CH30H system  the  precursor  is C4 for  both  radicals. In the C12-CH30H system,  aerosol 

formation  was  observed  under  certain  conditions.  The  onset  of  aerosol  formation  was  a  sensitive 

function of temperature  and  [CH30H]  and  the  time  dependence  of  the  aerosol  extinction  was 

highly  reproducible at a  fixed  set  of  conditions.  It  was  necessary to limit  the  range of initial 

radical  concentrations  that  could  be  employed  at  temperatures  below  235 K in order to avoid  the 

aerosol  formation.  Aerosol  was  not  observed  in  the F2-H2 system  under  any  conditions. 

Materials: The  gases  used  in  this  study  had  the  following  stated  purities  and  were  used as 

supplied:  10% Cl2 (99.5%)  in  He  (99.9995%), 5% F2 (>98%)  in  He  (99.9999%), H2 (99.9999%), 

0 2  (99.999%),  He  (99.9999%), Ar (99.9993%).  CH30H  (99.93%)  was  purified  by  several 

freeze/pump/thaw  cycles. C120  was  synthesized  by  the  method  of  Cady21.  Ultraviolet  and 

infkared analysis  showed  that  the  only  impurity  in  the C120  was  Cl2  at the  level of 5% or  less. 

Ab Initio Computational Methods: All  of  the  calculations  presented  here  were  performed  with 

the  GAUSSIAN  94  software  package  on  the  JPL  Cray  J90  supercomputer.22  Searches  for 

minima  and  saddle  points  employed  the  Becke’s  nonlocal  three-parameter  exchange  with  the 

Lee-Yang-Parr  density  functional  (B3LYP) rnethod’23724  with 6-3 lG(d,p)  and 6- 

31  l++G(3df,3pd)  basis  sets. In the  searches  for  the  pathways  for  the  H02 + C10  reaction,  the 

linear  synchronous  transition  state  following  method  was  used to obtain  initial  structures. No 

restrictions  on  symmetries  were  imposed  on  the  initial  structures, so that  geometry  optimizations 

for  saddle  points  occurred  with  all  degrees  of  freedom.  All  stationary  points  were  characterized 

by  harmonic  vibrational  fiequency  calculations. In addition,  energies  were  calculated  with  the 
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coupled-cluster  method,  which  included  singles  and  doubles  excitations,  plus  a  perturbational 

estimate of the  effects of connected  triple  excitations  [CCSD(T)]25.  These  energies  were 

calculated  with  the  6-3  1 l++G(3df,3pd) basis  set  using  the  geometry  obtained  at  the B3LW/6- 

3 1  l++G(3df,3pd)  level of theory. 

Results 

Spectrometry 

The  absorption  spectra  of  several  important  species  in  the two chemical  systems are shown 

in  Figure  2  and an example of the  time-dependent  210 nm and  differential 275.21276.4 nm 

signals  is  shown  in  Figure 3. The  absorption at 210 nm is  dominated  by HO2; however  a  number 

of other  species  contribute to the  background  absorbance at this  wavelength.  To  a fnst 

approximation,  these  background  absorptions  do  not  change  over  the  time  scale of reaction 1 but 

cause  a  small step change  in  the  measured  absorbance  immediately  after  the  flash.  For  the 

fluorine  system,  the  species  contributing to the  measured  absorbance  at  210 nm include C120,  F2, 

C10, C1202,  H202, and HOC1.  The latter  four  species  are  products of secondary  reactions.  For 

the  chlorine  system,  the  absorbers  at  210 nm are  C10, C1202,  H202, and  HOCl.  For  both 

chemical  systems  the  time-dependent  absorbance of each  species  was  calculated  by  the  computer 

program  FACSIMILE26  using  the  absorption  cross  sections  listed  in  Table  2.  The HO2 cross 

section  used  in  the  model  is  taken  fiom  Maricq  and  Szente27.  This  value  is  somewhat  lower  than 

the  NASA  recommendation,17  but  provided  excellent  agreement  with  the  literature  value of the 

H02 + HO2 rate  coefficient  when  used  in  the  fitting  routine  described  below. 

The  expressions  used  in  FACSIMILE to calculate  the  210 nm absorbances  for  the  fluorine 

and  chlorine  systems  are  given  below: 

= ‘{OH02 [H02]+0C1202 [C1202]+aH202 [H202]+oHOC,[HoC1] 

-bF2([F2]o -[F2]r)-bC120([C120]o -[c120]f)} 
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where I is  the  absorption  path  length  and 0, is  the  cross  section  of  species i .  The  stoichiometry of 

the  source  reactions  constrains  the  initial  conditions  for  the  numerical  simulation, i.e. 

[cl’o]o -[Cl,O], = [clo]o 

and 

In both  the  fluorine  and  chlorine  systems  the  contribution to the  change  in  the 210 nm 

absorbance  by  species  other than HO2 is  less than 7.5%. 

For  the two absorption  channels  near 276 nm, there are several  species  that  contribute to 

the  absolute  absorbance  including C120,  C12,  C10 and F2. Only  ClO  contributes to the dzflerentiul 

absorbance  due to its  banded  structure.  The  spectra of-the other  species are continua  with 

relatively  small  differential  cross  sections.  Room  temperature  C10  cross  sections  were  taken 

from  the  work of Simon et ~ 1 . 2 8  The  temperature  dependence  of  the  ClO  differential  cross 

section  was  obtained  from  the  expression 

T’ 

where oclo(298 K) = 4.10~1 O”* cm2.  This  expression  was  determined  by  fitting  the  temperature- 

dependent  C10  cross  section data of Sander  and Fried15 to an empirical  equation. 

As discussed  below,  the  reaction  mechanism  for  C10 + HO2 may  involve  the 

formation  of  stable  intermediates  such as HOOOC1, particularly  at  low  temperatures  and  high 

pressures.  While  it  is  doubtful  that  this  species  contributes to the  differential  absorbance at 275 

nm, it  is  possible  that  there  would  be an interference  with  the HO;! measurement  at 210 nm. The 

effect of such an interference  would  be to cause  the  rate  coefficient  to  be  underestimated. 

Because  the  reaction  proceeds  mainly through channels  that  do  not  involve  long-lived  complex 

formation,  and  the  concentration  cannot  exceed  that of the  minor  species  (ClO),  it  is  unlikely  that 

any  such  spectral  interference  will  be  significant. 
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Data Analysis 

Analysis  of  the  time-resolved  decay  profiles of HO2 and  C10  is  complicated by several 

factors.  While  it  is  desirable to establish  first-order  conditions  in  excess HO2 or C10 to minimize 

the  sensitivity  toward  the  absolute  concentration  of  the  minor  species, this cannot  be  achieved  in 

practice.  While  excess  C10  conditions  have  the  advantage that the  C10  self-reaction  is  relatively 

slow,  the  formation  of C1202 at  low  temperatures  causes  significant  spectral  interference  with  the 

detection  of HO2 at 210 nm. Most of the  experiments  were  therefore  carried  out  with 

[H02],J[ClO], in  the  range of 1-10. Because  rate  constants  for HO2 + HO2 are within  a  factor of 

3 of those  for  C10 + HO2, the  time  scales  for  H02  and  C10  disappearance  were  comparable, as 

shown  in  Figure 3. Since  there  is  no  simple  analytic  treatment  of  the  resulting  mixed  first-  and 

second-order  kinetics,  the  data  were  analyzed  numerically  using  FACSIMILE  code. In this 

approach,  rate  constants  are  varied to obtain  the  best  fit  between  the  kinetic  mechanism  and  the 

measured  time-dependent  absorption  signals  fiom  the 2 10 nm and 275 nm channels.  Separate 

mechanisms  were  used  for  the  fluorine  and  chlorine  systems.  These  mechanisms  included  all  the 

reactions  that  had  a  significant  effect  on  the  formation  and  removal  of  C10  and HO2. 

The  mechanism  used  in  fitting  the  fluorine  source  chemistry data is  given  in  Table 3. Four 

parameters  were  varied  in  the  fitting  procedure.  These  were  the  fractional  dissociation  of F2 and 

C120 from  photolysis,  and  the  rate  coefficients  for  the  C10 + HO2 + HOC1 + 0 2  and HO2 + HO2 

+ H202 + 0 2  reactions. By varying  the  initial F atom  and  C10  concentrations,  FACSIMILE  was 

able to fit the  initial  absorbances  from  both  signal  channels.  The HO2 + H02 rate coefficient was 

allowed to vary to obtain  the  best fit to the  H02  decay  profile.  Values of the HO2 + HO2 rate 

coefficient  calculated  by  this  method  were  well  within  the  uncertainty  limits  for this reaction as 

determined by DeMore et al. 

The  reaction  mechanism  used  in  the  analysis of the  chlorine  system  is  given  in  Table 4. 

The  four  parameters  varied  in  the  fitting  procedure  were  [Cl],  and  rate  coefficients  for  the  C10 + 
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H02 + HOC1 + 0 2 ,  HO2 + HO2 + H202 + 0 2 ,  and  C1+ Cl20 3 C10 + Cl2 reactions. Cl2 

photolysis  was  the  initiation step that  produced  both  the  C10  and  H02  radicals.  Variation  of  the 

rate  constant  for  the  C1+ C120 reaction  provided  the  degree of fieedom  required to fit the  initial 

absorbances  in  the 210 and 275 nm signal  channels  since  this  parameter  affects  the  relative  rates 

of HO2 and  C10  formation.  The  best-fit  values  of  the  H02 + H02  and  C1+ C120 rate  constants 

were  typically  within 25% of the  accepted  valuesl7.  Fitted  decay  profiles to experimental  data 

fiom the F2 and C12 systems are shown as the  solid  lines  in  Figure 3. 

The  results. of the  rate  constant  measurements  are  summarized  in  Table 5. Data  were 

obtained  over  the  pressure  range 25 - 600 Torr and  temperature  range 203 - 364 K. For  each 

temperature  and  pressure,  at  least  five runs were  carried  out  varying  the  initial  concentrations  of 

C10  and  H02.  The  averaged  results  for  all data recorded  using  each  reactant  source  mechanism 

are plotted in Arrhenius  form  in  Figure 4. The  results  obtained  with  the C4 source are 

consistently  lower  than  those  which  used  the F2 source,  but  the  differences  lie  well  within  the 20 

error  limits.  The  Arrhenius  plot  is  linear  over  the  entire  temperature  range.  The  best  fit to the 

data fiom both  the F2 and C12 systems  resulted  in  the  following  Arrhenius  expression: 

kl(T) = 2.84 x  exp{(312+60)/T)  cm3  molecule" sml 

where  the  stated  uncertainties are 20 and  include  both  random  and  systematic  errors as discussed 

below. 

The  possible  effect  of  pressure  on  the  rate  coefficient  was  examined  by  performing  a  series 

of  room  temperature  measurements  where  the  pressure  was  varied  systematically  between 50 and 

700 Torr. No clear  trend  with  respect to pressure  could  be  observed.  Because  the  lowest 

practical  pressure  attained in the  experimental  apparatus  was 50 Torr, we  cannot  preclude  the 

possibility of a  pressure  effect  that  is  exhibited at lower  pressures  but  reaches  a  high  pressure 

limit  near 50 Torr. 
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Discussion 

Secondary Reactions: 

Systematic  errors  in  the  determination  of kl can  arise  primarily as a  result of secondary  reactions 

which  form  or  remove  C10  (the  minor  reactant)  or  through  errors  in  the  spectroscopic 

determination  of  the HO;! concentration  (the  excess  reactant).  All  of  the known secondary 

reactions  that  can  affect  C10  production  and  loss  have  been  incorporated  into  the  kinetic  model. 

The  rate  constants  for  these  reactions  were  systematically  varied to assess  their  sensitivity  on  the 

determination of kl . Uncertainties  in  the  spectroscopic  measurement  of  ClO  and HO2 arising 

from  imprecise  measurement of baseline  changes  and  absorption  by  other  species  were also 

assessed  by  this  method. 

A number of factors  contributed to the  rate  coefficient  uncertainties  determined  in  the 

fitting process.  The  most  significant of these  were  the  uncertainties in the  absorption  cross 

sections  and, to a  lesser  extent,  the  uncertainties  in  rate  constants.  The  sensitivity of the fits to 

each of these  factors  was  determined by randomly  selecting  a  number  of data sets  that 

encompassed  a  range  of  temperatures,  pressures,  and  initial  reactant  concentrations. 

FACSIMILE runs were  performed as described  previously,  but  with  the  value  of an individual 

rate  constant  or  cross  section  altered  by  the  reported  uncertainty  in  its  literature  value.  The  effect 

on kl is  reported as a  percent  difference  in  Table 6.  This was  repeated  for  all  parameters  that 

were  not  varied  within  the  fitting  procedure.  Table 6 lists  the  rate  constants  and  cross  sections 

whose  uncertainties  resulted  in  a  corresponding  uncertainty  for kl that  was  larger  than 0.1 %. 

The two reactions  that  had  the  largest  effect on  the  fitted  value of kl involved  the  formation 

and  dissociation of the  C10  dimer.  This  was  true  particularly  under  conditions  of  low 

temperature andor high  pressure  where  dimer  formation  competes  more  successfully  with  C10 + 

HOz for  removal  of  C10.  Overall,  these two reactions  resulted  in  an  uncertainty  in kl of up to 

4%. Uncertainties  in  rate  constants  involving  other  secondary  reactions had a  negligible  effect 

on  the  determination of kl . 
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As  expected,  the  derived  value  of kl is  also  sensitive to the  absorption  cross  section of H 0 2  

at 210 nm. A f10% change  in oHq, resulted  in  a B% change  in kl. The fits also displayed  a 

small  sensitivity to the  differential  cross  section  of  ClO  at 275.2 nm and to the 210 nm 

absorption  cross  section of H 2 0 2 .  In the  case of the 275.2 nm C10  cross  section,  the  measured 

rate coefficient was  relatively  independent of the  C10  reactant  concentration  because 

experiments  were  typically  performed  under  conditions  with  excess HO2. As  a  result,  derived 

values of kl were  relatively  insensitive to the  C10  differential  cross  section.  The  combined  effect 

of uncertainties  in  cross  sections  and  rate  coefficients  results  in  a f l3% uncertainty  in  the  fitted 

values  for kl. 

Comparison with Previous Studies: 

Rate  constants  for  the H 0 2  + C10  reaction  have  been  measured  several  times  at 298 K 7929- 

32 and  once  over  the  temperature  range 235-393 K.7. The  results  of  these  studies  have  been 

discussed  extensively by DeMore  et aZ. 17 and  Atkinson  et aZ.33. The  published  room  temperature 

results  lie  in  the  range (3.8-6.5)~lO"~ cm3  molecule" s". The  temperature  dependence  results of 

Stimpfle et al. displayed  non-linear  Arrhenius  behavior  with  the data showing  essentially  no 

dependence  on  temperature  above 298 K and  a  temperature  dependence (EJR) of -700 K below 

298 K. The  current  recommendations of both  the NASA17 and WAC33 data evaluation  panels 

are  based  on an average of the  results  from  the 298 K studies  combined  with  the  temperature 

dependence  below 298 K from  Stimpfle et al. As  shown  in  Figure 4, the  results  from  the  present 

study  show  linear  Arrhenius  behavior  over  the 203-364 K temperature  range  with  a  fitted  value 

of EJR that  is  smaller  than  that of Stimpfle et al. Also  shown in Figure 4 are  the  results of a 

recent  temperature  dependence  study  from  this  laboratory  which  uses  the  discharge-flow/mass 

spectroscopy  technique34.  The  results  from  this  experiment  give  a  near-zero  temperature 

dependence  over  the  range 233-380 K (E& = 72 f 42 K) and  a  value of k298 that  is  smaller  than 

the  previous  studies. 
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Ab Initio  Calculations of Reaction Pathways 

Geometries  and  Vibrational  Freauencies  for  Intermediates  and  Transition  States 

Singlet surface: In  order to make  sense  of  the  negative  temperature  dependence of the 

overall  rate  coefficient  and  the  observation  of 0 3  formation at low  temperatures35  it  is  necessary 

to understand  the  structures  and  energies  of  the  reaction  intermediates  and  transition  states. 

Francisco  and  Sander15  explored  the  possible  isomers  of  HC103  that  can  result  fi-om  the 

H02+C10  reaction  on  the  singlet  potential  energy  surface.  Of  the  four  structures  located  at 

potential  energy  minima,  only HOOOCl  and  HOOClO  can  be  formed as nascent  products of the 

HO2 + C10  reaction.  The  structures of these two species  were  calculated  previously  by  Buttar 

and  Hint12 at the  MP2/6-3 1 G**  level  of  theory  and  by  Francisco  and  Sander15  at  the  MP2/6- 

3  1 G*  and  MP2/6-3  1  1  G(2df,2p)  levels  of  theory.  In  the  present  study,  the  geometries  of 

HOOOCl  and  HOOClO  were  reexamined at the  B3LYP/6-3  1  1  ++G(3df,3pd)  level of theory. 

These  structures are presented  in  Table  7.  Like  the  earlier  studies,  we  find  that  the  minimum 

energy  structures  for  HOOOCl  and  HOOClO  have  skewed  straight  chain  geometries.  The 

H 0 0 0 '  dihedral  angle  for HOOOCl is 77.9"  at  both  the  MP2/6-3  1  lG(2dC2p)  and  the 

B3LYP/6-31  l++G(3df,3pd)  levels  of  theory.  The OOO'C1 dihedral  angle at the  MP2/6- 

3  1  1  G(2d,2p)  level  of  theory  is  79.3",  while  at  the  B3LYP/6-3  1  l++G(3df,3pd)  level of theory  it 

is 82.5".  The minimum energy  structure  for  HOOClO  has  dihedral  angles of 93.8"  for  the 

HOOCl  group  and  78.2"  for  the  OOClO'  group  at  the  MP2/6-311G(2d,2p)  level of theory. At the 

MP2/6-3 1 1G(2df,2p)  level  of  theory  the  HOOCl  dihedral  angle  remains  the  same  while  the 

OOC10' dihedral  angle  decreases to 72.3".  At  the  B3LYP/6-3 1  l++G(3df,3pd)  level of theory, 

these  angles  are 92.2"  and  80.1 ", respectively.  These  results  suggest  that  the  B3LYP/6- 

3  1 1 ++G(3df,3pd)  geometries are reasonable  and  compare  well  with  MP2/6-3  1  1  G(2df,2p) 

results. 

The  key  reactions  on  the  singlet HO2 + C10  reaction  surface  that  are  considered  in  the 

present  work  are: 

HO2 + C10 -+ HOC1 + 0 2  ('A) 
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+ HCl + O3 

More  specifically, we have  considered  whether  these  products  can  be  produced  from  the 

HOOOCl  and  HOOClO  intermediates.  We  have  located  three  transition states corresponding to 

the  pathways  HOOClO + HOCl + 0 2  ('A), HOOOCl + HOCl + 0 2  ('A), and  HOOOCl + 

HC1+ 0 3 .  The  geometric  parameters  for  the  three  transition  states  are  given  in  Table 7, and  the 

structures are illustrated  in  Figure  5a-c. 

The HO2 + ClO  pathway  that  proceeds  through  the  HOOClO  intermediate to form  HOCl + 

0 2  ('A) involves  a  five-center  transition  state.  This  transition  state  is  illustrated  in  Figure  5a. 

The  transition  state  is  a  non-planar  structure.  Comparing  the  OCl  bond  distance in the  transition 

state  and  in  the  HOOClO  intermediate,  we  find  that  the  OCl  bond  in  the  transition  state  is 

significantly  elongated (2.282A for  the  transition  state  compared  with 1 S03A for  the 

intermediate).  The 00 bond  length  decreases from 1.42281 in the  intermediate to 1.306A in the 

transition  state.  The HO  bond  length  increases  from 0.969A to 1.027A. Intrinsic  reaction 

coordinate  (IRC)  calculations  show  that  transition  state  connects  the  intermediate  (HOOCIO)  to 

the  products  (HOC1 + 0 2  ('A)). As shown  in  Table 8, vibrational  frequency  calculations  show 

that  the  transition  state  is  a fmt-order saddle  point  because  there  is  one  imaginary  frequency. 

The  reaction  pathway  that  proceeds  through  the  HOOOCl  intermediate to form  HOCl + 0 2  

('A) involves  a  four-center  transition  state.  This  transition  state  is  illustrated  in  Figure  5b.  This 

transition  state  is  a  non-planar  structure.  The  HOOO'  dihedral  angle  is -32.5", showing  that  the 

hydrogen  is  considerably  twisted  out  of  the 000 plane.  However,  we  note  that  the H 0 0 0 '  

dihedral  angle  in  the  transition  state  is  significantly  different  from  that  in  the  HOOOCl 

intermediate.  The 00 bond  length  is  significantly  shorter  in  the  transition  state (1.288A) than in 

the  intermediate (1.423A) and  the 00' bond  length in the  intermediate (1.387A ) is  also 

elongated  relative to the  transition  state (2.282A). 

The  other  pathway  by  which  the  HOOOCl  intermediate  can  proceed  is  through  the  products 

HC1+ 03. This  pathway  passes  through  a  five-center  transition  state, as illustrated  in  Figure  5c. 

This  transition  state  is  non-planar, as well.  The OH and  C10'  bonds are significantly  elongated 

14 



relative to the  HOOOCl  intermediate.  The 000' angle  in  the  transition  state  is  also  between  the 

angle  for  the  HOOOCl  intermediate (000' = 108.8O) and  ozone (000 = 118.3'). Vibrational 

frequency  calculations  given  in  Table 8 show  that  the  transition  state  structure  is  a  first-order 

saddle  point.  Given  the  magnitude  of  the imaginary fiequency  for  this  transition  state,  i.e.  1  106i, 

tunneling  may  play  a  role  for this pathway. 

Triplet Surface: In addition to exploring  the  reaction  pathways  on  the  singlet  surface,  the HO2 + 

C10  reaction  was also examined  on  the  triplet  surface. In these  searches, two levels of theory 

were  used to explore  the  reaction  pathways.  UMP2/6-3  1  G(d)  was  used  in  the  preliminary  search. 

Once  a  transition  state  was  found,  a  vibrational fkequency  calculation  was  performed to confirm 

that  the  structure  was  a  first-order  saddle  point.  The  Hessian  fiom  the  UMP2/6-3  1  G(d) 

calculation  was  then  used  to  search  for  the  transition  state  at  the  CCSD(T)/6-3  1  G(d)  level of 

theory.  Geometries  from  these  two  searches  are  given  in  Figure  6. 

Hydrogen  abstraction  by  C10  from HO2 on  the  triplet  surface  correlates to ground-state 

OZ(~Z) and  HOCl.  The  reaction  is  found to proceed  on  the 3A'' surface  and  gives  the  correct 

orientation  for  the  hydrogen  abstraction.  This  is  consistent  with  the  calculations  of  Toohey  and 

Anderson9.  From  the  relative  energies  in  Table 9, the  complex  is  estimated to be  bound  by  2.8 

kcal  mol" at the  CCSD(T)/6-3  1 1++G(2df,2p) level  of  theory.  The  complex  is  formed  in  the cis 

configuration  (Figure  6a). As the  C10  continues  its  approach  toward  the  hydrogen,  it  can  remain 

in  the cis configuration  (Figure  6b)  or  rotate  into  a trans conformation  (Figure  6c).  We  find  that 

the  transition  state  in  the trans conformation  has  a  barrier  of  0.7  kcal  mol"  above  the HO2 + C10 

reactant  level.  On  the cis- approach  the  barrier  is  2.4  kcal  mol"  below  the  H02 + C10  reactant 

level.  These  results  suggest  that  there  is  a  fork  at  the  entrance  channel  for  the HO2 + C10 

reaction  on  the 3A" surface.  The  most  favorable  orientation  for  hydrogen  abstraction  is  via  the cis 

approach.  The  heat  of  reaction  for  the  H02 + C10 + HOCl + OZ(~C) reaction  is  estimated as - 
47.1  kcal  mol" at the  CCSD(T)/6-3  1  l++G(2df,2p)  level  of  theory.  There  is  a  difference of 1.6 

kcal  mol"  between  the  calculated  and  experimental  heat  of  reaction.  We  find  that  this difference 

is  similar to the rms difference in energy  between  the  experimental  and  CCSD(T)/6- 
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3  1 ltt-G(3df,3pd) results of 1.2  kcal  mol"  for  the  singlet  surface.  The uncertainties  in  the  results 

in  Table  1  1  for  the  energetics  for  the  triplet  surface  are  about k 3  kcal  mol". 

Energetics of Reaction  Pathwavs  for  the HO, + C10  Reaction 

The  total  energies  for  reactants,  products,  intermediates  and  transition  states  are  given  in 

Table  10.  Relative  energies  of all the  species  along  both  reaction  channels  are  given  in  Table  1  1. 

It  can be seen fiom Table  1  1  that  the B3LYFV6-3 1 l++G(3df,3pd)  and  CCSD(T)/6- 

3  1  l++G(3df,3pd)  results  are  consistent  with  available  experimental  results.  The  rms  difference 

in energies  between  the  experimental  and  CCSD(T)/6-3  1  1++G(3df,3pd)  results  is  about 1.2 kcal 

mol". A more  reasonable  estimate  in  the  uncertainty  in  the  calculated  results  is k3 kcal mol" at 

the  CCSD(T)/6-3  1 1 ++G(3df)  level  of  theory.  The  relative  energies  for  the  reaction of HO2 + 

C10  on  the  single  surface are also  presented  schematically  in  Figure 7. The  reaction of H02 + 

C10 to produce  the  HOOClO  intermediate  is  estimated  to  be  nearly  thermoneutral ( A H , o  = -0.02 

kcal mol"). The  barrier to the  products  HOCl + 0 2  ('A)  fiom  the  HOOClO  intermediate is 

calculated to be  4.3  kcal  mol"  at  the  CCSD(T)/6-3  1  l++G(3df,3pd)  level  of  theory.  If  the 

reaction  proceeds  by  the  HOOOCl  intermediate,  the  reaction  is  exothermic  by  15.4  kcal  mol", 

but  the  formation  of  the  products  HOCl + 02(lA) has to proceed  through  a  barrier  that is 24.5 

kcal  mol" above  the  HOOOCl  intermediate.  This  implies  that  there  is  a  barrier  that  is 9.1 kcal 

mol"  above  the  level  of  the  H02 + C10  reactants. 

The  reaction  channel  leading  to  HC1+ 0 3  through  the  HOOOCl  intermediate  has  a  22.7 

kcal  mol"  barrier.  Even  though  the HO2 + C10  reaction to produce  the  HOOOCl  intermediate  is 

exothermic  by  15.4  kcal  mol",  there  is  a  7.3  kcal  mol"  barrier  above  the  total  reactant  energy  for 

this  channel.  This  channel  should  be  energetically  forbidden,  but  considering  the size of the 

imaginary  fiequency  for  the  transition  state  for  the  HOOOCl+HC1+03  channel,  tunneling 

should  play  an  important  role  in  the  kinetics  and  the  rate  may  be  non-negligible.  Several  previous 

experiments  either  failed to observe 0 3  as a  product or could  attribute  its  formation to secondary 

reactions  thereby  setting  an  upper  limit of 2% or  less  for  the  HC1+ 0 3  branching ratio 36930937. In 
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contrast,  Finkbeiner et al. concluded  that  secondary  reactions  could  not  account  for  all  the 0 3  

observed  in  their  static photolysishatrix-FTIR experiment  and  that  the  branching  ratio  is 5 2 2 

% at  210 K and  2 f 1 % at 240 K 35. This  experiment  was  carried  out at a  total  pressure  of  700 

Torr  implying  some  stabilization  of  the  HOOOCl  intermediate  under  these  conditions. 

HOCl  can  be  produced  from  the HO2 + C10  reaction  by  both  singlet  and  triplet  pathways. 

On  the  triplet  surface,  the  reaction  occurs via direct  abstraction of hydrogen  by  C10 from HOz. 

Toohey  and  Anderson 38 have  explored  the  transition  state  for  this  channel  and  found  a  barrier  of 

5.3 kcal  mol" at the  UMP4/6-3  1  G**  level  of  theory.  We  have  also  reexamined this process at 

the  CCSD(T)/6-3  1  l++G(2df,2p)  level  of  theory  and  find  that  the  barrier  falls  below  the  reactant 

level by 2.4 kcal mole",  with  a  weakly  bound  hydrogen  bonded  complex  that  is  formed.  The 

complex  is  bound  by 2.8 kcal mol"  below  the HO2 + C10  reactants.  Therefore,  the  formation of 

HOCl should  occur  by  direct  H  atom  abstraction  on  the  triplet  surface.  On  the  singlet  surface, 

the  calculated  barriers  are  sufficiently  large  to  preclude  the  formation  of  HOCl  at  temperatures 

relevant to the  atmosphere. 

The  results of previous ab initio calculations  of  the  enthalpy  of  formation of HOOOCl  are 

compared  in  Table  12.  Neglecting  the  group  additivity  estimate  of  Stimpfle et al. and  the  MP2 

results  of Buttar and  Hirst  the  average  value  of AHfo(298 K) from ab initio calculations  is  1 1.4 2 

3.6  kcal  mol" . The  present  work  is  the  first  high  level ab initio calculation  of  the  transition  state 

energies.  Grela  and  Colussi39  estimated  a  barrier  for  the  HOOClO  reaction to form  the  products 

HOCl + 0 2 .  Using MNDO, they  estimated an overall  barrier  for  the  H02 + C10  reaction to be 

9.8 kcal  mol".  This  value  is  in  fair  agreement  with  the  results  obtained  here. 

Pressure  Dependence of the HO2 + ClO j HOOOCl Pathway 

As discussed  in  the  previous  section,  the  formation of HOCl + 0 2  or HC1+ 0 3  on  the 

singlet  surface  at  atmospheric  temperatures  is  unlikely  because  of  the  large  energy  barriers on 

these  pathways.  Because  HOOOCl  is  bound  by  about  15  kcal  mol"  with  respect to 

decomposition to reactants  and  about 25 kcal mol" with  respect to product  formation, this 
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species  may  be  long-lived  on  the  experimental  time  scale.  The  formation  of  HOOOCl  is 

therefore  expected to be  pressure-dependent.  The  low-pressure  limiting  rate  constant  for  the 

association  reaction  can be estimated  using  the  theory of Troe 40341 as developed  by  Patrick  and 

Golden 42 and  the  NASA  Panel  for  Data  Evaluation 17. This  method  estimates  the  strong 

collision  rate  constant  for  unimolecular  decomposition  of  the  adduct.  The  rate  constant  for  the 

association  reaction  is  obtained  using  the  equilibrium  constant.  The  thermochemical  parameters 

used  in  the  calculation are given  in  Table  13.  HOOOCl  fiequencies  are fiom Table  8  and 

structural  parameters  are  from  Table  7.  The A, B and  C  rotational  constants  corresponding to 

these  parameters  are  18.0264148  GHz,  3.4782429  GHz  and  3.1368345  GHz,  respectively. 

The  results  of  the  calculations  are  shown  in  Figure  8  which  gives  the  strong  collision 

association  rate  constant, k,,, , as a  function of the  HOOOCl  enthalpy of formation at 200 K 

and  300 K. Also  shown  in  the  figure are the  uncertainty  limits  associated  with  a f 10%  variation 

in  the  HOOOCl  vibrational  fiequencies. k,,, HOOOCI is  a  sensitive  function of AH;(OK), ranging 

fiom (2-70)~10-~~ cm6  molecule-2 5-l at  300 K and (4-20O)~lO”~ cm6  molecule-2 s-’ at 200 K over 

the  assumed  uncertainty  range  in AH;(OK). The 10% uncertainty  in  vibrational  fiequencies 

results  in  about  a  factor  of  3  uncertainty  in k,,,, HOOOCl . 

HOOOCI 

At the  upper  limit of these  estimates,  the  reaction to form  HOOOCl  would  influence  the 

measurement of the  overall  rate  constant  for  the  H02 + ClO  reaction  at  high  pressures.  At 50 

Torr,  assuming  that  the  reaction  is  in  the  low-pressure  limiting  regime,  the  recombination  would 

enhance  the  observed  rate of reactant  disappearance  by  about 10%. Assuming  no  falloff  the 

association  channel  would  nearly  double  the  rate  at  700  Torr  although  significant  falloff  is 

expected  at  this  pressure.  These  estimates  are  not  corrected  for  weak  collisions.  Since  significant 

pressure  dependence  was  not  observed  in  this  study  between  50-700  Torr, kreSc HOOOCI must  be 

smaller  than  about lxlO”’ cm6  molecule-2 s-’. If  HOOOCl  were to form,  it  would  either 

accumulate as a  stable  product  or  react  with  another  species  in  the  system.  Finkbeiner et aZ.35 

searched  for IR absorption  bands  attributable to HC103  isomers  in  their static-photolysis/matrix- 

FTIR  experiment  using  the ab initio band  positions  of Buttar and  Hint12  but  were  unable to 
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obtain  any  evidence  of  complex  formation.  Apart  from  low  inherent  stability of the  complexes, 

there are a  number  of  possible  explanations  for this including  insufficient  instrumental  sensitivity 

or  band  strength of the  isomers,  errors  in  the  predicted  band  positions,  and  secondary  reactions 

which  remove  the  isomers  including  photolysis  and  the  reaction  with  C10  or  other  radicals in the 

system. 

Conclusions 

The  results  presented  here  lead to a  significantly  different  rate  expression  for  the 

temperature  dependence of the  C10 + HOz rate  constant than the  results of Stimpfle et al. In 

contrast  to  the  previous  work,  the  reaction  displayed  linear  Arrhenius  behavior  over  the  entire 

temperature  range  with a temperature  dependence  that  is  smaller  than  earlier  measurements.  This 

is  also  supported  by  recent  discharge-flow  results fiom ow laboratory. 

The  existing  database on  the  temperature  dependence of kl does  not  reveal  a  consistent 

pattern.  The two studies  from  our  laboratory  obtain  a  temperature  dependence  that  is  smaller 

than  that  measured by Stimpfle et al. but  the  flash  photolysis  results  fiom  the  present  study  are 

consistently  larger  than  the  discharge-flow  results.  The  resulting  spread  in  the  measured  rate 

constants  at  temperatures  relevant to the  lower  stratosphere (200-220 IC) is  a  factor of 3 - 4. This 

has  significant  implications  for  the  ability  of  atmospheric  models to predict  the  rate of the 

important  C10 + HOz catalytic  ozone  destruction  cycle. It  will also affect  the  comparison 

between  atmospheric  measurements  of HOC1 and  model  calculations43. 

New ab initio calculations on  the  energetics of HC103  intermediates  and  their  transition 

states  show  that  the  formation  of HOOOCl  and  HOOClO  is  energetically  favorable,  however 

there  are  large  barriers on  the  singlet  potential  energy  surface  for  formation of products  from 

these  intermediates.  The  termolecular  formation  rate of HOOOCl  is sensitive to the  calculated 

well  depth  and is therefore  somewhat  uncertain.  The  primary  reactive  pathway  probably  occurs 

on  the  triplet  surface through a  weakly  bound  hydrogen-bonded  intermediate. 
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If  HOOOCl  is  formed  in  the  lower  stratosphere  and  possesses an absorption  band  in 

the  near-ultraviolet,  it  will  photolyze to give HOz + C10  and  OH + C100. The  first  channel  is a 

null  cycle  with  respect to ozone  loss  but  the  second  channel  is  equivalent to the  catalytic  cycle 

involving  C10 + H02  reaction  on  the  triple  surface.  If  photolysis of HOOOCl  is  slow  then  it  may 

react with'other radicals  such as C1, C10  or OH. 
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Table 1. Concentration  ranges  of  precursor  and  radical  species  for  C10 + H02 kinetic 
measurements. 

F2/C120/H2/02  system 

Species  Concentration  Range  (molecule ~ m - ~ )  

F 2 1 0  (1.5 - 7.0) x 10l6 
[C12010 (8.0 - 20) x 10l2 

P 2 1 0  (3.0 - 4.5) X 1017 

w 2 1 0  (3.5 - 4.5) X 1017 
[C1010 (2.8 - 53) x 10l2 

[H021o (1.6 - 15) x 1013 

C12/CH30H/C120/02  system 

Species  Concentration Range (molecule ~ m - ~ )  

[CH30H]o  (1.5 - 30) x 1014 

[C12010 (1.4 - 3.5) X 1014 

[C1210 (2.0 - 3.0) x 10l6 

[0210 (5.5 - 7.5) X 1017 

[C1010 (9.3 - 80) x 10l2 

w 2 1 o  (4.9 - 12) x 1013 
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Table 2. 210 nm  absorption  cross  sections at 298 K used  in  the  kinetic  analysis  by 
FACSIMILE. 

Species Cross Section  Reference 
cm2  molecule" 

HO2 3.91~10"' Mariq e? al.27 

c10 2 .2~10"~  DeMore e? al. 1' 

c1202 2.51~10"~ DeMore e? al. 17 

H202 3.57~10"~ DeMore e? al. 17 

HOC1 5 . 7 ~  1 O-20 DeMore e? al. 17 

c120 2.38~10"~ DeMore et al. 17 

F2 4 . 2 ~ 1 0 - ~ ~  Steunenberg and 
VogeP 
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Table 3. Reaction  mechanism  used  in  analysis of data obtained  using  the  F2/C120/H2/02 
source  chemistry. 

Reaction  Rate  coefficient' 

ClO + HO2 + HOC1 + 0 2  kl 

HO2 + HO2 + H202 + 0 2  k2 

F+H2+HF+H 1.4  x 10"'  exp(-SOO/T) 

F+Oz+M+FOz+M 4.4 x  (T/300)-12 

H+Oz+M+HO;!+M 5.7 x  (T/300)".6 
HO2 + H02 + M + H202 + M 1.7 x  exp{ lOOO/T} 

c1+ c120 + c10 + Cl2  6.2 x l0-l1 exp{ 130R} 

C1+ HO2 + HC1+ 0 2  1.8 x lo-" exp{  170/T} 

C1+ HO2 + C10 + OH 4.1 x lo-'' exp{-45O/T} 

' F+HOz+HF+02 8.3 x lo-" 

F + C120 + ClF + C10 1.5 x 10"' exp { -47/T} 

H+HO2+2OH 2.8 x 10"'  exp(-44O/T} 

C10 + C10 +M + C1202 + M2 k,,: 2.2 x  (T/300)5.1 

k: 3.5 x (T/300)".' 

C1202  +M + C10 + C10 + M Keq = 1.3 x  exp{8744/T) 

c10 + c10 + Cl2 + 0 2  1 .O x  1  0-l2  exp {- 1590/~) 

c10 + c10 -3 2 c1+ 0 2  3.0 x lo-" exp{-2450/T} 

c10 + c10 -3 OClO + c1 3.5 x 10-l~  exp{-1370/~} 

c1+ OClO + 2 c10 3.4 x 10"" exp{l60/T} 

'Units  for  bimolecular  reactions  are  cm3  molecule" s". 
Units  for  termolecular  reactions  are  cm6  molecule s 
Rate  coefficients are from DeMore et al. l 7  
2Rate  constants  for  C10 + C10 + M reaction  are  calculated from 

-2 -1 
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Table 4. Reaction  mechanism  used  in  analysis of data using the C12/C120/CH30H/02 
reactant  source  chemistry. 

Reaction  Rate  coefficient' 

C10 + HO2 -+ HOC1 + 0 2  kl 

HO2 + H02 -+ H202 + 0 2  k2 

c1+ Cl20 -+ c10 + Cl2  k3 

C1+  CH30H -+ CH20H + HCl 5.4 X IO-'' 

CH20H + 0 2  -+ HO2 + CH20 9.1 X 1  0-l2 

HO2 + HO2 + M + H202 + M 1.7  x  exp{lOOO/T} 

C1+  H02 -+ HCl + 0 2  1.8  x lo-" exp{l7O/T} 

C1+ HO2 + C10 + OH 4.1 x lo-'' exp{-45O/T} 

C1+  CH20 -+ HCl + HCO 8.1  x lo-" exp{-3O/T} 

HCO + 0 2  -+ CO + HO2 3.5  x 10"~  exp{l40/~} 

HCO + C12 -+ HCOCl + C1 6.1  x  1 0-l2 exp  (-36/T} 

C10 + C10 + M -+ C1202 + M2 b: 2.2 x  (T/300)5.' 

L: 3.5 x  (T/300)".' 

C1202 +M + C10 + C10 + M K, = 1.3 x  exp{8744/T} 

c10 + c10 -+ c12 + 0 2  1.0 x 10"~ exp{-1590/~} 

c10+c10-+2c1+0* 3 .O x  10-I  exp { -2450/T} 

c10 + c10 -+ OClO + Cl 3.5 x 10-l~ exp{-1370/~} 

Cl + c1202 -+ c1+ Clz + 0 2  1.0  x 10"O 

c1+ OClO -+ 2 c10 3.4  x lo-" exp{  160/T} 
1 Units  for  bimolecular  reactions  are cm'  molecule" s". 
Units  for  termolecular  reactions  are  cm6  molecule -2 s -1 

Rate  coefficients  are  from  DeMore et al. 17 
Rate  constants  for  C10 + C10 + M  reaction  are  calculated  from 2 
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Table 5. Summary of rate  coefficient  data,  uncertainties,  and  number of measurements 
performed  for  each  chemical  system  at  specified  experimental  temperatures. 

203 

215 

22 1 

228 

240 

252 

265 

277 

285 

299 

314 

339 

364 

12.15 f 2.20 

10.60 f 1.49 

13.62 f 1.62 

13.67 f 1.49 

10.95 f 1.43 

12.13 k 1.43 

9.35 f 1.25 

10.93 k 1.38 

10.37 f 1.20 

8.65 f 1.05 

9.11 f 1.30 

8.16 f 0.95 

9.08 f 1.35 

7.78 f 0.83 

8.26 f 1.38 

7.34 f 0.82 

7.89 f 1.16 

6.82 f 0.82 

7.55 f 1.03 

6.55 f 0.74 

7.06 f 0.90 

0.6 - 5.3 

2.3 - 8.0 

2.1 - 2.8 

1.3 - 1.4 

1.9 - 5.7 

1.1 - 2.9 

1.1 -4.5 

0.63 - 1.3 

1.3 - 1.4 

1.3 - 5.4 

0.5 - 3.3 

1.3 - 8.0 

0.4 - 1.2 

1.5 - 3.9 

0.67 - 5.0 

1.5 - 4.6 

1.2 - 3.3 

1.0 - 5.9 

1.3 - 2.3 

0.93 - 9.6 

0.80 - 2.4 

2.4 - 10.1 

4.5 - 12.2 

6.7 - 12.7 

3.5 - 7.1 

6.5 - 10.6 

2.2 - 12.0 

6.2 - 11.0 

3.0 - 8.9 

3.5 - 8.7 

5.1 - 10.0 

1.6 - 9.7 

5.4 - 12.3 

2.8 - 5.5 

7.9 - 12.1 

1.6 - 7.3 

8.2- 11.7 

5.0 - 15.0 

5.9 - 11.6 

4.6 - 14.1 

2.0 - 9.0 

4.1 - 10.8 

0.06 - 1.45 

0.22 - 1.67 

0.22 - 0.34 

0.18 - 0.40 

0.17 - 0.83 

0.24 - 0.59 

0.10 - 0.67 

0.1 1 - 0.42 

0.16 - 0.39 

0.14 - 1.07 

0.12 - 0.70 

0.1 1 - 1.48 

0.08 - 0.29 

0.12 - 0.50 

0.12 - 0.94 

0.14 - 0.55 

0.17 - 0.36 

0.13 - 0.97 

0.14 - 0.39 

0.12 - 4.85 

0.17 - 0.38 

13 

10 

5 

5 

15 

10 

15 

15 

5 

15 

23 

10 

9 

15 

25 

13 

15 

15 

15 

15 

15 
F2 denotes F2-H2-02-C120 system, C12 denotes C12-C120-CH30H-02 system 
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Table 6. Sensitivity of fitted  value of kl to  uncertainties  in  other  parameters  used  in  least- 
squares  fitting  routine  reported  as a percent  change. 

Parameter  Uncertainty'  Sensitivity (YO change) 

kIO+CIO+M +15%/-25%2 +0.27/-0z % 
k 1 2 0 2 + M  B = f 8503 +1.38/-0.27 % 

OH02 f 10% +9.21/-8.65 % 

ocl0 (275 nm) f 10% +0.89/-1.01 % 
QClO (2 10 nm) f 20%  +0.30/-0.27 % 

QH202 f 30% +1.49/-0.59 % 

Qc1202 f 50% +0.09/-0.06 % 

Qc120 * 10% -0.39lM.37 % 
Q H o C l  f 40%  +0.25/-0.17 % 

'Taken fkom the  assessment of DeMore et al. 17 
The  percentages  represent  the  maximum  change  when  varying b, k, m and  n  by 

their  stated  uncertainties  in  the  falloff  expression  used  by  DeMore et al. 17 
3The  value  of  the B parameter  in  the  expression  for  the  equilibrium  constant  given in 
DeMore  et al. was  varied by its  stated  uncertainties. 

2 
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Table 7. Geometries  of  reactants,  intermediates,  and  transition  states  in  the H02 + C10 
reaction' 

Species  Parameter  B3LYP/6-31I*G(3df~pd) 
Reactants  and  Products 
c10 c10 1.576 

00 

00 

1.203 

1.203 

HCl HC1 1.281 

HOCl 

0 3  

HOOClO' 

HO 
c10 
HOCl 

HO 
00 
HOO 

00 
000 

HO 
00 
c10 
C10' 
HOO 
OOCl 
OClO' 
HOOCl 
OOClO' 

0.966 
1.700 

103.7 

0.975 
1.324 

105.5 

1.25 1 
118.3 

0.969 
1.422 
1 SO3 
1.750 

102.2 
111.2 
113.6 
92.2 
80.1 

HOOO'C1 HO 0.970 
00 1.423 
00' 1.387 
0 'C1 1.740 
HOO 102.1 
000' 108.8 
OO'C1 1 1  1.2 
H 0 0 0 '  77.9 
OOO'C1 82.5 
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HOOOCl + HOC1+02('A) 

HOOOCl + HC1+03 

Transition  States 
HOOClO + HOC1+02('A) HO' 1.581 

HO 1.027 
00 1.306 
c10 2.282 
C10'  1.609 
HOO 105.1 
OOCl 94.3 
OClO' 85.1 
OHO' 121.9 
ClO'H 100.2 
HOOCl 44.3 
OOClO' -15.4 

HO 1.029 
00 1.288 
00' 2.236 
O'Cl 1.649 
HO' 1.572 
HOO 100.4 
000' 71.3 
OO'CI 151.2 
00 'H 52.6 
H 0 0 0 '  -32.5 
OOO'CI 71.3 

HO 1.193 
00 1.354 
00' 1.254 
O'Cl 2.568 
HCl 1.593 
HOO 98.1 
000' 1 1  1.8 
OO'C1 94.9 
O'ClH 55.6 
H 0 0 0 '  -37.3 
OOO'C1 44.8 

"Bond  distances  in A and  bond  angles in degrees. 
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Table 8. Calculated  vibrational  frequencies  and  zero-point  energies  of  the  species  in  the 
H02+ClO  reaction 

Zero-point  energies 
Species  Frequencies (cm")' (kcal mol")' 

Reactants  and  Products 
c10 833 1.2 
HO2 3581,1429,1176 8.9 
HCl 295 8 4.2 
HOC1 3761,1273,723 8.2 
0 2 ( ' 4  1643 2.3 
0 2 ( 3 w  1658 2.4 
0 3  1266,1241,735 4.6 
HOOClO 3693,1408,964,922,479, 12.1 

HOOOCl 3703,1404,918,722,597, 12.6 
449,317,214,110 

531,416,301,154 

Transition  States 
HOOClO + HOC1+02('A) 2865,1543,1217,842,484, 11.2 

403,27 185,428i 

3 l3,277,83,395i 

450,365,200,1106i 

HOOOCl + HOC1+02('A) 2820,1453,1248,792,532, 10.7 

HOOOCl + HCl+03 1539,1257,105 1,884,734, 9.3 

"Calculated at the B3LYP/6-3 1 G(d,p) level of theory. 
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Table 9. Relative  Energies on the  Triplet  Surface  for  the H02 + C10  Reaction  for 
Reactants,  Products,  Complex  and  Transition  State. 

CIO-HO2  [ClO”HO2]’ 
TheoryDasis Set  Complex CiS Trans H02 + C10 + 

HOC1 + 0 2  

UMP2/6-3 1 G(d) -2.5  2.2 5.1 -64 .1  

CCSD(T)/6-3  1G(d) -3.0 -0.9 2.3  -47.8 

CCSD(T)/6-3 1 lG(d,p) -2.7 -1.8 -0.2  -50.2 

CCSD(T)/6-3 1 lG(2d,2p) -3.1 -2.8  0.3  -48.9 

CCSD(T)/6-3 1 l++G(2df,2p) -2.8 -2.4 0.7 -47.1 

Expt. -45.5 
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Table 10. Total  energies  (in  hartrees)  of  the  species  in  the H02 + ClO  reaction 

B3LYP  CCSDV)' 
Species 6-311*G(3df,3pd)  6-311++G(3df&d) 

Reactants  and  Products 
c10 
HO2 
HCl 
02(IA) 
0d3W 
0 3  
HOC1 
HOOClO 
HOOOCl 

-535.36509 
-1 50.96833 
-460.83904 
-150.31815 
-150.37948 
-225.49798 
-536.02204 
-686.33089 
-686.35353 

-534.72879 
-150.71339 
-460.33066 
- 150.08002 
- 150.12825 
-225.13259 
-535.38893 
-685.44542 
-685.47076 

Transition  States 
HOOClO + HOC1+02('A) -686.32061 -685.43718 
HOOOCl + HOC1+02('  A) -686.29479 -685.42872 
HOOOCl + HCl+03 -686.3  1358 -685.42935 

"Calculated  using  the  geometries of the B3LW/6-3 1 1 ++G(3df,3pd) level of theory. 
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Table  11.  Relative  energies  (in  kcal  mol")  for  reaction  pathways in the H02 + ClO  reaction 

6-31 l++G(3df,3pd) 
Reaction B3LYP CCSDCr) Expt. 

H02+C10 + HOC1+02(3Zg) -42.1 -46.6  -45.6 
H02+ClO -+ HOC1+02( 'A?. -3.8 -16.4 
H02+C10 -+ HC1+03, -3.6  -14.5  -15.8 
H02+C10 + HOOClO 3.6  -0.02 
H02+C10 + HOOOCl -10.1 -15.4 
HOOClO + HOCl+O2('A) -7.4 -1 6.4 

HOOClO + [HOCl+Oz('A)]' 5.6  4.3 

HOOOCl -+ [HOCl+O2('A)]' 35.0  24.5 
HOOOCl + HCl+03 6.6 0.9 
HOOOCl -+ [HCl+O3IS 21.8  22.7 

6.3 HOOOCl -+ HOC1+02('A) -1 .o 
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Table 12. Comparison  of ab initio Calculations  on  HOOOCl  Energetics 

Result  quoted  in  ref., 
kcal  mol" kcal  mol" 

AH;(298 K)  
Reference  Method 

25 
AHfo(298 K) Stimpfle et al. (1  979) 

16.1 

10.8 

7.4 

15.5 

9.0 

9.3 

-0.1 

25 Group  Additivity 

Buttar  and  Hirst  (1  994)  MP2/6-3  1  G** -26.3 

9.3 
AHp(298 K) 

( 1996) AH," (298 K) 

(1  996) AH," (298 K) 

(1  996) AJAp(298 K) 

AH; (0 K?) 

Rohlftng (1  995) G2 

Phillips  and  Quelch 

Francisco  and  Sander 

Phillips  and  Quelch 

-1  8.2 MC 1 

FVMC 

G2 

-1 1.7 

9.1 

This  Work 

This  Work 

CCSD(T)/6- -15.4 
3  1  1*G(3df,3pd) 

AH," 3  1  1  ++G(3df,3pd) 

AH," 
B3LYP/6- -10.1 

Result  calculated using JPL97  values  of  AHp(298 K) for HO2 and  C10,  JANAF  values of 
(AHf"(0 K)- AHfo(298 K)) and (AHt(0 K)- AHfo(298 K)) for  HOOOCl from this  work  (1.7  kcal 
mole"). 

Table 13. Parameters  Used  in  Calculations  of  the  Rate  Constant  for  the  Reaction H02 + 
C10 + M a HOOOCl + M 

Species 

43.14 50.2  1  HOOOCl 

42 226.74 101.22 101.3 c10 
42 229.0 10.46  13.39 HO2 

Ref. S"(300K) M;(3OOK) m ; ( o K )  

this  work 295.3  1 

kJ  mole" J  (mole  K)-' kJ  mole" 
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Figure Captions 

Figure 1. Schematic  diagram of flash photolydultraviolet absorption  apparatus.  The  cw  probe 
consists  of  a  150 W deuterium  lamp  and  a  300 W xenon  arc  lamp  combined  with  a 
dichroic  beamsplitter.  Both  probes  traced  the  same  720  cm  optical  path  within  the  flash 
photolysis  cell.  A  second  dichroic  beamsplitter  at  the  exit  separated  the  probes  into a long- 
wavelength  component  for  C10  detection  and  a  short-wavelength  component  for HO2 
detection. 

Figure 2. Absorption  spectra of species  involved  in  the  H02 + C10  kinetics  studies.  Arrows 
denote  the  wavelengths  used  for  the  detection  of HO2 at  210 nm and  C10  by  differential 
absorption at 275 nm. 

Figure 3. Example  of  time-resolved  absorption  signals  for  the F2-H2-02-C120 system.  (a):  2 10 
nm absorption  channel  (H02). (b): Differential  absorption  signal  from  275.2 nm and  276.4 
nm channels  (ClO).  The  solid  lines  are  fits  obtained  using  FACSIMILE as discussed  in  the 
text. 

Figure 4. Arrhenius  plot  of  temperature-dependence data for  the  C10 + HO2 reaction. (e):  This 
work.  Data  obtained  using  the  F2-H2-02-C120  system. (m): This  work.  Data  obtained  using 
C12-CH30H-02-Cl20  system. (-): Fit to the  combined  data fiom both  chemical 
systems. (- -): Fit to the data of  Stimpfle et aZ.7 (- - -): Recommendation fiom JPL 
97-4  Data  Evaluationl'. (- - D): Data  obtained  using  the  discharge  flow/mass 
spectrometry  technique at 1 Torr  from  this  laboratory 34. 

Figure 5. Transition  state  structures  for  reaction  pathways on  the  singlet  surface of the HO2 + 
C10  reaction.  Structures  are  calculated  at  the  B3LYP/6-311++(3df,3pd)  level  of  theory. 
(a): Transition  state  for  the  pathway  HOOClO + HOCl+ 02('A). (b): Transition  state  for 
the  pathway  HOOOCl + HOC1 + 02('A). (c): Transition  state  for  the  pathway  HOOOCl 
+ HCl + 0 3 .  

Figure 6. Transition  state  structures  for  reaction  pathways  on  the  triplet surfxe of  the  H02 + 
ClO  reaction.  Two  values  are  given  for  each  bond  length.  The  upper  value  is  the  result 
obtained  at  the  UMP2/6-3 1 G(d)  level  of  theory  while  the  lower  value  is  obtained  using  the 
CCSD(T)/6-3  1  G(d)  level  of  theory. (a): triplet  state  complex. (b): cis transition  state. 
(c): truns transition  state. 

Figure 7. Schematic  diagram  showing  energy  levels  and  reaction  pathways  for  the HO2 + C10 
reaction  along  the  singlet  and  triplet  pathways.  Numbers  next to chemical  symbols  refer to 
the  Figures  showing  the  corresponding  structures. 

Figure 8. Rate  constants  for  the  reaction  H02 + C10 + M + HOOOCl + M  vs. AH;(OK) for 
HOOOCl  at  300 K (solid  lines)  and  200 K (dashed  lines).  At  each  temperature  the 
uncertainty  band  associated  with  a k 10%  uncertainty  in  the  HOOOCl  vibrational 
frequencies  is  indicated. 
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